ABSTRACT Nearly a dozen of Rotating RAdio Transients (RRATs) have been discovered recently. These objects share similar spin parameters with normal radio pulsars but distinguish themselves from normal pulsars by being quiescent most of the time and only becoming radio bright occasionally. We discuss two possible interpretations to the phenomenon. The first model suggests that these objects are pulsars slightly below the radio emission "death line", and become active occasionally when the conditions for pair production and coherent emission are satisfied. The second model invokes a radio emission direction reversal in normal pulsars, as has been introduced to interpret the peculiar mode changing phenomenon in PSR B1822-09. In this picture, our line of sight misses the main radio emission beam of RRATs but happens to sweep the emission beam when the radio emission direction is reversed. RRATs are therefore the other half of the normal "nulling" pulsars. We suggest that X-ray observations can provide clues to differentiate these two possibilities.
INTRODUCTION
Recently, McLaughlin et al. (2006) reported the discovery of a new class of radio transients from the Parkes Multibeam Pulsar Survey. The current sample includes 11 objects characterized by single, dispersed bursts of radio emission with durations ranging from 2 to 30 milliseconds. Long-term monitoring of these objects led to identifications of their spin periods (P ), ranging from 0.4 to 7 seconds. These fall into the range of the P -distribution of normal radio pulsars, although on the long end. The period derivatives (Ṗ ) for three objects are measured, which are also typical for normal pulsars. These objects on average have slightly higher brightness temperatures than the whole normal pulsar population, but the small discrepancy is easily accounted for by an observational selection effect (M. McLaughlin, 2006, personal communication) . McLaughlin et al. (2006) concluded that these objects represent a previously unknown population of rotation-powered neutron stars, which they call Rotating RAdio Transients (RRATs). Intermediate cases between normal pulsars and RRATs have been reported earlier (PSRs J1649+2533 and J1752+2359) by Lewandowski et al. (2004) . Understanding the physical origin of these objects as well as their relationship with normal pulsars is desirable. Here we propose two possible models for RRATs and discuss how X-ray data can be used to distinguish the two possibilities.
MODEL I: RE-ACTIVATED DEAD PULSARS
Pair production is the essential condition for pulsar coherent radio emission. The condition for failure of pair production usually defines the pulsar radio emission "death line" in the P −Ṗ diagram of pulsars. Although the death line issue has been re-investigated many times over the years (e.g. Ruderman & Sutherland 1975; Chen & Ruderman 1993; Arons 2000; Zhang et al. 2000 , it is very difficult and essentially impossible to define an exact line in the P −Ṗ diagram. This is because of many uncertainties inherited in the death line problem (Zhang 2003) , including the criterion to define pulsar death (whether the pair multiplicity with respect to the primary particle number density has to be lower than a certain level, say, unity; or whether pairs are not produced at all), the property of the inner "gap" (whether pure vacuum, pure space-charge-limited flow, or a partially screened gap; and whether pair production and the gap height is controlled by curvature radiation or inverse Compton scattering), the equation of state of the neutron star (or even strange quark star), and especially the unknown near-surface magnetic field configuration. What is relevant would be then a so-called "death valley" in the P −Ṗ diagram (named by Chen & Ruderman 1993) . Pulsars in the valley could either be "alive" or "dead" according to the properties of the individual pulsars.
As an effort to interpret the enigmatic radio bursting source in the direction of Galactic Center, GCRT J1745−3009 (Hyman et al. 2005) , Zhang & Gil (2005) have recently proposed a transient white dwarf pulsar model. Within this model, the 5 peculiar consecutive outbursts at 0.33 GHz with a 77.13-minute period and a 10-minute duration for each outburst are produced by a re-activated white dwarf pulsar with the period of 77.13 minutes. Assuming a dipolar surface magnetic field ∼ 10 9 G, GCRT J1745-3009 is slightly below the white dwarf pulsar "death line". Zhang & Gil (2005) then argued that when stronger multipole magnetic fields emerge to the polar cap region of the white dwarf, the pair production condition could be satisfied and the white dwarf behaves like a neutron star radio pulsar. This corresponds to the observed 5 consecutive outbursts. The complicated magnetic configuration does not last long. This accounts for the cessation of the radio emission from the source. The source was detected again in 2003 with one single outburst (Hyman et al. 2006 ), which corresponds to another re-activation phase.
A natural inference from the above suggestion is that one should also expect many "dead" neutron star pulsars not deep below the death line to jump out from the graveyard occasionally when strong sunspot-like magnetic fields emerge into their polar cap regions (Zhang & Gil 2005) . The newly discovered RRATs might well be simply these transient "zombies". The measured P for RRATs is typically long (5 out of 10 have P > 4 s, McLaughlin et al. 2006 ). This makes them more likely to locate in the death valley. For example, RRAT J1317−5759 (P = 2.64 s,Ṗ = 12.6 × 10 −15 , McLaughline et al. 2006 ) is below the curvature radiation death line for a pure star-centered dipolar field, i.e. logṖ = (11/4) log P − 14.62 for a vacuum gap and logṖ = (5/2) log P −14.56 for a space-charge-limited flow (Zhang et al. 2000) . This means that if the near-surface field configuration is nearly dipolar for J1317−5759, the object is usually radio quiet since it is below the death line. When stronger sunspot-like fields merge into the polar cap region, pair production condition is satisfied, and the RRAT is temporarily re-activated.
Not all RRATs are below the star-centered dipolar death line. For example, RRATs J1819−1458 (P = 4.26 s,Ṗ = 576 × 10 −15 ) and J1913+1333 (P = 0.92 s, P = 7.87 × 10 −15 ) (McLaughline et al. 2006 ) are both somewhat above the star-centered dipolar death line. In order to interpret them as re-activated dead pulsars, one needs to argue that the near-surface magnetic field strengths of these objects are overestimated. This could be simply because of the inaccuracy of estimate introduced by a crude dipole spindown model. Alternatively, this could be caused by an off-center dipole of the neutron star (e.g. Arons 2000) . In such a picture, the "near-end" polar cap has a stronger magnetic field than the case of a star-centered dipole, while the "far-end" polar cap has a weaker field. While some active pulsars deep below the star-centered dipolar death line may be those cases we see the near-end polar cap, RRATs would be those we see the far-end polar cap in this interpretation.
The dynamical time scale of the inner gap (∼ h gap /c ∼ 10 −6 −10 −4 s, where h gap is the height of the gap) is much smaller than the rotation period P . So the time scale to develop a pair cascade is much shorter than P . Most RRATs have one single pulse in each burst, with one having multiple periods within a single burst (M. McLaughlin 2006, personal communication) . This is not very different from the case of the proposed transient white dwarf pulsar GCRT J1745-3009 (Hyman et al. 2005 (Hyman et al. , 2006 Zhang & Gil 2005) . Considering the intermediate cases (PSRs J1649+2533 and J1752+2359, Lewandowski et al. 2004) , the time scale τ for the sunspot-like field to stay in the polar cap region may vary in a wide range. Those cases of τ < P are "screened" without any observational effect.
MODEL II: REVERSED NORMAL NULLING PULSARS
That the measured spin parameters of three RRATs (J1317−5759, J1819−1458 and J1913+1333, McLaughlin et al. 2006) do not differ significantly from those of normal pulsars raises the possibility that these objects are intrinsically similar to normal pulsars but appear differently because of certain unphysical reasons. One most straightforward picture is the emission direction reversal mechanism proposed by Dyks et al. (2005a) recently to interpret the peculier mode-changing behavior of PSR B1822−09 (Gil et al. 1994) . Figure 4b from Gil et al. (1994) displays an interesting mode switching phenomenon for PSR B1822−09. There are three emission components located at phases 17 o , 33 o , and 215 o , respectively. The first two peaks are termed as the main pulse, and the third one is called the interpulse. While the second peak of the main pulse appears all the time, there is an apparent switching on/off anti-correlation between the first peak of the main pulse and the interpulse, i.e. the first peak is on whenever the interpulse is off, and vice versa. Such a phenomenon has been difficult to interpret within the traditional pulsar models (see Dyks et al. 2005a for critical discussion). Dyks et al. (2005a) proposed that pulsar radio emission may occasionally reverse direction due to some unknown reasons (e.g. Levinson et al. 2005; ). According to this hypothesis, PSR B1822−09 is a special case in which our line of sight happens to sweep the emission beams of both the traditional outward emission and the inward emission during the reversal phase.
A natural conclusion from the reversal hypothesis is that in most geometric configurations, the line of sight can only see one emission beam, either the outward one or the inward one. Dyks et al. (2005a,b) proposed that pulsar "nulling" is caused by reversal, and that the normal nulling pulsars are those pulsars whose outward main pulse is swept by the line of sight. Within this picture, there should be also cases when only the reversed inward component is seen. These objects would be identified as RRATs. Since they are the opposite case of the nulling pulsars, we expect that the RRAT population should be similar to the nulling pulsar population within this interpretation.
Not knowing the detailed mechanism of the reversal, it is hard to predict how many pulses a RRAT should display during each burst. In the case of PSR B1822−09, a sequence of pulses appear at the interpulse phase when the proposed reversal occurs. This seems not consistent with the properties of RRATs that usually show one pulse during the bursts. However, in many cases of nulling pulsars, nulls only last for one pulse. Also at least one RRAT shows more than one pulse during the outburst. When also considering the intermediate cases (PSRs J1649+2533 and J1752+2359, Lewandowski et al. 2004) , we conclude that the reversal hypothesis is a reasonable possibility to interpret RRATs as the current data stand.
X-RAY DATA AS DIFFERENTIATOR
The above two models provide reasonable interpretations to the available radio emission data of RRATs. It would be interesting to find some critera to differentiate the right mechanism from the two. We now suggest that X-ray data provide an important clue.
The two models predict different X-ray emission features. The second (reversal) model interprets RRATs as normal radio pulsars viewed at a different angle. Since thermal emission is essentially isotropic, the X-ray emission properties (luminosity and spectrum) of RRATs should be similar to those of normal, middle-age/old pulsars unless the reversed inward emission is wildly bent into a direction far from the main, outward beam. A growing sample of middle-age/old pulsars have been observed by X-ray observatories (Chandra and XMMNewton, e.g. Becker et al. 2004 Becker et al. , 2005 Zavlin & Pavlov 2004; Tepedelenliolu &Ögelman 2005; De Luca et al. 2005; Kargaltsev et al. 2006) . These observations typically show a thermal emission component from a hot spot typically much smaller than the conventional polar cap. This is likely produced by the returning particle flow that precipitates and heats the polar cap region. A smaller area may be interpreted by that the heating flow only partially covers the polar cap, or that stronger sunspot-like fields anchor at the magnetic pole (e.g. Gil et al. 2006 for more discussion). As a result, a high X-ray luminosity and a hot-spot thermal spectrum would be a strong support to the reversal model. One caveat is that if the reverse inward emission direction is far from the outward main emission beam, the hot spot would be less significant and the luminosity would be lower because of an unfavorable viewing geometry. As a result, lacking a distinct hot spot signature would not necessarily be evidence against the reversal model.
On the contrary, no significant X-ray emission is expected in the first (re-activated dead pulsar) model. In such pulsars, the magnetosphere is charge-starved. Little returning flow is expected, and hence one does not expect significant polar cap heating. There could still be a primary particle outflow, but the radiated energy is likely in the gamma-ray band (e.g. Muslimov & Harding 2004) . Strong X-ray emission (both thermal from the hot spot and non-thermal) is not expected, except the thermal component from the cooling neutron star. Certain level of non-thermal magnetospheric X-ray emission cannot be ruled out.
RRAT J1819-1458 was serendipitously detected with Chandra by Reynolds et al. (2006) . The spectrum of the X-ray counterpart is similar to those of comparablyaged radio pulsars and is dominated by a soft thermal component from the cooling neutron star. The data are consistent with both the re-activated dead pulsar model and also the reversal model with a very large deviation of the reversed, inward emission beam from the main, outward emission beam. A longer exposure to this object would reveal whether a hot spot component exists in the spectrum. A systematic search for X-ray counterparts of other RRATs is desirable to finally pin down the right interpretation of RRATs.
SUMMARY
We have suggested two possible interpretations to the newly discovered RRAT phenomenon. One is that RRATs are re-activated dead pulsars slightly below the conventional radio emission (pair production) death line. The other is that RRATs are simply the other half of the normal, nulling pulsars for which our line of sight does not sweep the main pulse component but sweep the reversed inward-directed pulse component.
Since the predicted X-ray emission properties differ significantly from each other in the two scenarios, we suggest a clear X-ray criterion to test the correct interpretation of the RRAT phenomenon. If bright X-ray counterparts are detected for RRATs, and more importantly, if a hot-spot thermal component is detected from the X-ray spectra, RRATs are then very likely similar to normal pulsars. The emission direction reversal and a preferred viewing geometry are likely the agents to make a RRAT. Such an identification would lend support to the inward emission proposal for radio pulsars (Dyks et al. 2005a,b) . Alternatively, if after deep search RRATs are X-ray dim and especially if no thermal emission component is identified from the spectrum of any RRAT, these objects are then very likely not-quite-dead pulsars before dissappearing in the graveyard. This would suggest that the microscopic condition near the pulsar polar cap region is much more complicated then usually imagined. This allows us to directly study the dynamical magnetic configuration near the polar cap region. In any case, either possibility would provide profound implications for understanding the poorly known pulsar radio emission mechanism.
